Additionally, the cleavages of ANP and BNP by IDE render them active with NPR-B and a reduction of IDE expression diminishes the ability of ANP and BNP to stimulate NPR-B. Our kinetic and crystallographic analyses offer the molecular basis for the selective degradation of NPs and their variants by IDE. Furthermore, our studies reveal how IDE utilizes its catalytic chamber and exosite to engulf and bind up to two NPs leading to biased stochastic, non-sequential cleavages and the ability of IDE to switch its substrate selectivity. Thus, the evolutionarily conserved IDE may play a key role in modulating and reshaping the strength and duration of NP-mediated signaling.
The natriuretic peptides (NPs), mainly atrial (ANP), B-type (BNP), and C-type natriuretic peptides (CNP), play key roles in many cardiovascular functions (1). Their diuretic, natriuretic, and vasodilatory properties have been developed as therapeutic strategies for human cardiovascular diseases (2) . The actions of NPs are mediated through binding and signal transduction of three natriuretic peptide receptors (NPR). NPR-A and NPR-B have guanylyl cyclase activity that raises intracellular cGMP levels. Effects of these receptors are mediated by the preferential binding of ANP and BNP to NPR-A and by that of CNP to NPR-B. NPR-C is a non-guanylyl cyclase receptor. In addition to its role in the clearance of NPs, NPR-C also can transmit signals via heterotrimeric G protein, G i (3, 4) .
NPs have a short half-life and their circulation levels are tightly controlled (5, 6) . In addition to the regulation of NPs by gene transcription, secretion, and NPR-C mediated clearance, NP maturation and breakdown by multiple proteases are also key in NP regulation. For example, active NPs are converted from pro-NPs by furin, corin, and likely, by other proteases (7, 8) . Active NPs are postulated to be proteolytically inactivated by a membranebound metalloprotease, neprilysin (NEP) (9) (10) (11) (12) . However, growing evidence propose the role of other proteases in the clearance of NPs. Meprin A is shown to be involved in the initial N-terminal cleavage of BNP and meprin A and NEP are thought to work together in the clearance of BNP (13) . In addition, insulin-degrading enzyme (IDE) and DPP-IV have been shown to cleave NPs in vitro (14) (15) (16) However, the functional consequence in the cleavage of NPs by these two proteases in the cellular setting remains unknown.
Insulin-degrading enzyme (IDE) is a ubiquitously expressed zinc-metalloprotease that is involved in the clearance of insulin and amyloid-ȕ (Aȕ), peptides implicated in the pathogenesis of diabetes and Alzheimer's disease, respectively (17) (18) (19) . We have recently solved the structure of human IDE in complex with various substrates and elucidated the molecular basis for the recognition and selective degradation of substrates by IDE (20) (21) (22) . Our structures reveal that IDE uses a sizable catalytic chamber to entrap, unfold, and degrade insulin, Aȕ, and other substrates. IDE recognizes its substrates mainly based on their tertiary structures. The size, dipole moment, structure flexibility, and location of the N-terminal end of the substrates are key factors for the selectivity of IDE.
IDE was shown to degrade ANP and BNP (15, 16) , however it was never established whether the cleavages of ANP and BNP by IDE have any functional consequences. Further, the cleavage rate of ANP by IDE was significantly higher than that of BNP, but the functional implications of this rate difference remains unknown. In addition, the molecular details that dictate the differences in NP selectivity by IDE have not been elucidated. In this report, we evaluate the biological impact of IDE on NP-mediated signaling. We also used key members of the NP family from various species, as well as truncation mutants of NPs, to investigate the mechanism of how human IDE selectively degrades certain NPs.
Materials and Methods

Expression and Purification of Recombinant IDE-
Wild-type and mutant human IDE proteins were expressed in E. coli Rosetta (DE3) cells (at 25 °C and 18 hours, IPTG induction) and purified by Ni-NTA, Source-Q, and Superdex S-200 columns as described previously (20, 21) .
Competition Assays-IDE enzyme activities were assayed using substrate V (20, 22) . For IC 50 determinations, 85 μl of 0.35 μM substrate V was mixed with 10 μl of NPs at various concentrations. The reactions were initiated by addition of 5 μl of IDE protein (0.2 mg/ml), carried out at 37qC for 15min. The substrate V degradation was monitored by fluorescence intensity on a microplate reader as described previously (20, 22) .
X-ray Diffraction Data Collection and Structural
Determination of IDEƔANP and IDEƔBNP-IDE-CF-E111Q was incubated with a 4-fold molar excess of ANP and BNP prior to each of 5 gelfiltration steps and crystallized as described (21, 22) . Diffraction data were collected at the beamline 19-ID at the Structural Biology Center at Argonne National Laboratory. The data sets were processed using HKL2000. Structure determinations were performed by molecular replacement using IDE (PDB 3CWW) as a search model. Structure refinement and model building were performed with REFMAC, Phenix, and Coot. The final model for ANP-bound and BNP-bound IDE structures had R work /R free of 20.61%/24.15% and 20.22%/24.27%, respectively and the data collection, refinement, and processing statistics are summarized in Table S8 .
Proteolysis of NPs by IDE and MALDI-TOF MS
analysis-IDE was incubated at 37 °C for a maximum of 1 hour with each NP in 50 mM TrisHCl buffer, pH 7.0 containing 20 mM NaCl. Each reaction was subsequently quenched by the addition of a solution containing 0.5 mM EDTA and 0.1% TFA. The peptide digests were first analyzed by MALDI-TOF MS. The quenched reaction mixtures were mixed with an equal volume of 0.1% TFA and desalted through a C-18 ZipTip (Millipore) and analyzed using an Applied Biosystems Voyager mass spectrometer. The acquired spectra were analyzed using DataExplorer.
LC-ESI FT-ICR MS/MS analysis of NP fragments-
The IDE-treated NPs (20 pmol) were separated by nanoLC on a reverse-phase C 8 column with a linear gradient of 5-95% acetonitrile in 0.1% formic acid. FT-ICR MS analysis was performed on a linear quadrupole ion trap (LTQ) FT ICR hybrid mass spectrometer. Eluted NP fragments were electrosprayed at 2 kV. Peptide fragmentation was induced by both collision-induced dissociation (CID) and electron-capture dissociation (ECD) in the ion trap, and fragment ions were also analyzed in the ion trap. The mass spectrometer was set to switch between an FT-ICR MS full scan (200 m/z-2,000 m/z) followed by successive FT-ICR MS single-ion monitoring scans and LTQ MS/MS scans of the three most abundant precursor ions in the FT-ICR MS full scan as determined by the Xcalibur software. Dynamic exclusion was enabled after a repeat count of three for a period of 90 s.
RNAi-mediated inhibition of IDE-Human embryonic 293 cells stably expressing human NPR-A or NPR-B were maintained as previously described (23) . RNA inhibition was accomplished with the use of recombinant lentiviruses. A set of five plasmids (1 CONTROL Non-Targeting and 4 IDE-specific) was purchased from Open Biosystem (RMM4534-NM-031156) and lentiviruses were produced by co-transfecting shRNA plasmids with pHR8.2ǻR packaging plasmid and pCMV VSVG envelope plasmid into HEK293T cells. HEK-293 stable lines containing the IDE-specific shRNA were obtained by lentiviral infection and selection with 5 ȝg/ml puromycin. IDE knockdown levels were examined by western blotting with a polyclonal anti-IDE antibody raised against human IDE and affinity purified using immobilized IDE column and 293 cells with the most knocked down IDE levels were chosen in our studies.
Bioassay-Whole cell stimulations were performed as described (23) . Cellular cGMP levels were measured using enzyme immunoassays (cGMP EIA System, GE Healthcare). Data are presented as means ± SE, performed in duplicate.
Results
The effect of decreased IDE levels on the NPstimulated cGMP accumulation in HEK293 cellsIf IDE participates in the function of NPs, the reduction of IDE expression would result in an altered NP-mediated cGMP accumulation in cultured cells. To test this, we knocked down IDE through the expression of short-hairpin RNA against IDE in human embryonic kidney 293 cells that stably express human NPR-A or NPR-B and achieved >95% reduction of IDE levels (Fig. S1 ). We then compared the time course of cGMP accumulation of these cells with the cells that express control shRNA upon stimulation by ANP, BNP, or CNP (Fig. 1) . In control NPR-A cells, ANP elicited an immediate and substantial increase in intracellular cGMP content, reaching a maximum within 3 min and declining rapidly by 30 min to a steady level over the next 120 min. The early phase of response for HEK293-NPR-A cells that have low levels of IDE is similar to that with the normal lDE levels. However, the decline in cGMP accumulation was delayed significantly by the knockdown of IDE expression (Fig. 1A) . Interestingly, the opposite effect was observed for BNP stimulation. For control cells, the cGMP accumulation reached a maximum in 15 min with a continual decline over the next 120 min. However, in IDE-knockdown cells, the decline of cGMP level was rapid and robust after the 3 min maximum (Fig. 1B) . Consistent with the notion that CNP activates NPR-A poorly, we observed a weak response by CNP stimulation in both control and IDE-knockdown cells (Fig. 1C) . Next, we investigated the NPR-B cells. As expected, CNP potently stimulated cGMP accumulation of HEK 293 cells stably expressing NPR-B, while ANP and BNP did not (Fig. 1D-F) . Interestingly, the knockdown of IDE profoundly enhanced the cGMP accumulation of NPR-B overexpressing HEK293 cells (Fig. 1F) . Our findings support the notion that IDE modulates NP-mediated signaling. IDE appears to be a negative regulator of the ANPmediated NPR-A signaling and CNP-mediated NPR-B signaling, while IDE serves as a positive regulator of BNP-mediated NPR-A signaling. Further, our observation that IDE only affected the decline phase of NP-stimulated response is consistent with the role for IDE in the timedependent cleavage of NPs, either by the accessibility and/or cleavage rate of NPs by IDE.
The effect of IDE degradation on the ability of NPs to activate their receptors-The bioactivity of IDEdigested NPs was evaluated by measuring their ability to raise intracellular cGMP levels in HEK293-NPR-A and HEK 293-NPR-B cells. As expected, cells expressing NPR-A were stimulated by ANP and BNP but had little response to CNP ( Fig. 2A) . The incubation with IDE caused ANP to lose more than 90% ability to raise intracellular cGMP levels. In contrast, the stimulation of NPR-A receptor by BNP was enhanced ~4-fold. These data suggest that IDE cleavage may produce highly active BNP-derived products.
As expected, NPR-B expressing cells were only sensitive to CNP (Fig. 2B) . We found that CNP lost >90% capacity to raise intracellular cGMP levels after incubation with IDE (Fig. 2B) . This is consistent with the data that show that reduced IDE levels lead to an increased response of NPR-B to CNP. We also found that the incubation with IDE increased the signal induced by ANP and BNP, toward NPR-B by ~10-and ~7-fold, respectively. These data indicate that the cleavage of ANP and BNP by IDE could generate CNP-like products that serve as agonists of NPR-B. Consistent with this notion, the IDE knockdown (Fig. 1D, 1E) . Together, our data show that IDE could modulate the intracellular cGMP accumulation elicited by NPs in both positive and negative manners and the response is dependent upon the given NP and the cognate receptor.
Mass spectrometry and model of the degradation of human ANP by human IDE -To understand the intricate regulation of NP-mediated signaling, we used mass spectrometry to analyze the cleavage sites of NPs by IDE and the time-dependent production of IDE-degraded NP fragments. The reports on the degradation of NPs by IDE used NPs from different species (rat ANP, BNP, and CNP) and rat IDE (15, 16) . Since these sequences are substantially different from human NPs in some cases, we chose to use human IDE and NPs.
For mass spectrometry (MS) analysis of IDEdigested NP fragments, we used Fourier transform ion cyclotron resonance (FTICR) MS due to its high accuracy and resolution of precursor and product ion spectra. IDE-degraded NPs were applied to an HPLC C 8 column to separate cleavage products and thus ensure maximal sampling of low abundance NP fragments. After incubation for various times at 37 °C, the IDEdegraded NPs were analyzed by LC-electrospray ionization (ESI)-FT ICR-MS in conjunction with collision-induced (CID) and electron-capture (ECD) dissociation MS/MS (Fig. 3 , Table S1-S7). All proteolytic peptide fragments were then identified based on the MS and MS/MS data having accuracies of <5 ppm (Table S1-S7) .
To establish our methodology, we first analyzed the interaction of human ANP by human IDE. We found that ANP can be rapidly degraded by IDE (Fig. 3A) , resulting in a number of major ANP fragments (Table S1 ). Three major ANP fragments were obtained (1-25, 4-25, and 4-28 by the order of descending intensity) after a one second incubation with IDE (Fig. 3A , middle panel). The predominant products (ANP 1-25 and 4-25) have a C-terminal cleavage between S25 and F26, suggesting that IDE preferentially cuts at this site. However, IDE also cuts once at the Nterminus of ANP between the two arginines at positions 3 and 4, generating the ANP4-28 fragment.
The 5-min incubation of ANP with IDE led to a near complete breakdown of ANP and the formation of complex ANP fragments (Fig. 3A top). The longer incubation shifted the dominant fragment from ANP1-25 to ANP4-25. In addition, we found three new major fragments, one is ANP5-27 and the other two fragments are ANP4-25 and ANP 5-25 with an increased 18-Da mass. These fragments could have resulted from the hydrolysis at any position within the 17 amino acid-long ring of ANP4-25 and ANP5-25.
To unambiguously identify the hydrolysis position within the ring, we applied ECD-MS 2 (22) . We found that ANP4-13 and ANP14-25 product ions could be derived from ANP4-25 precursor ion as well as that of ANP5-13 and ANP14-25 product ions from ANP5-25 ( Fig. 3B , Table 1 ). Thus, our data unequivocally identifies that the cleavage site inside the loop of ANP4-25 and ANP5-25 occurs between D13 and R14 ( Fig.  3B and Table S1 ). Given the vital role of the intact ring for ANP function, this cleavage between D13 and R14 would undoubtedly inactivate ANP. This is consistent with our cell-based studies that IDE could serve as a negative regulator of ANPmediated NPR-A signaling.
We also analyzed the kinetics of the degradation of ANP by IDE ( Figure 4A ). First, we used the ability of ANP to compete and inhibit the cleavage of fluorogenic bradykinin-mimetic substrate, substrate V, by IDE to assess the affinity of ANP to IDE. The observed IC 50 value is 40 nM, which is about 5-fold lower than that of insulin (~200 nM). We also used MS data to assess the rate of ANP cleavage by IDE and found the k cat to be ~10 s -1 , which is comparable with the rate of IDE degradation of insulin (2 s -1 ). Thus, the binding affinity and rate of degradation of ANP by IDE is comparable to those of insulin, a physiologically relevant IDE substrate (22) .
The presence of ANP4-28 fragment as an initial cleavage product of ANP by IDE negated the previously proposed model that IDE sequentially cuts ANP, first at the C-terminus of ANP and then at its N-terminus (16) . Instead, we propose that the degradation of ANP by IDE is a biased stochastic process with a preferential cleavage at the C-terminus over the cut at the Nterminus (Fig. 5A ). This discrepancy is probably due to the failure to observe the low abundant ANP4-28 fragment in the previous study (16) . Thus, the cleavage of ANP by IDE reveals a novel mechanism for substrate hydrolysis, involving a biased stochastic, and not sequential, mode.
Based on the accumulated structural and biochemical evidence, IDE-mediated substrate cleavage is achieved by at least three different mechanisms (Fig. 5B) . Two of those mechanisms require the anchoring of the substrate at the exosite, a conserved site distal to the catalytic cleft of IDE. The binding of this exosite to the Nterminal end of substrate allows IDE to processively cut insulin at both A and B chains to generate two halves (22) or to stochastically cut at the middle portion of other substrates, as is the case with Aȕ (20, 22) . The third mechanism occurs with short peptide substrates like bradykinin and it is exosite-independent (21). For ANP, we find that the first cleavage site by IDE is random with preference given to the C-terminal cleavage. The preference for the C-terminal end of ANP is expected since the anchoring of the N-terminal of ANP to the exosite of IDE would allow the Cterminal end to reach the catalytic cleft (Fig. 5B) . However, the previous modes of substrate degradation by IDE, as described above, do not readily explain an initial cleavage at the N-terminal end of ANP. Given that the exosite of IDE is about 30Å away from the catalytic site, this precludes the involvement of the IDE exosite in the binding of the N-terminal end of ANP for the cleavage of the same ANP molecule (Fig. 5B) .
The probabilistic initial cleavage of the Nterminal end of ANP by IDE is likely exositeindependent (similar to the cleavage of short peptide substrates-see Fig 5B) . Alternatively, IDE may entrap more than one NP molecule within the catalytic chamber. In such a case, one ANP could be anchored to the exosite, confining the space within the catalytic chamber, while the other is oriented in such a way that the N-terminal end of ANP can enter into the catalytic cleft for its subsequent cleavage. These interesting results prompted us to characterize the degradation by IDE of other NPs and NP mutants (alone or in combination), and to use X-ray crystallography to better understand how IDE degrades NP in such a biased stochastic manner.
Cleavages of other NPs by IDE -
We performed MS and kinetic analyses for the degradation of human BNP by human IDE (Fig. 3C, 4A , Table  S2 -S3). BNP potently prevents the degradation of substrate V by IDE with IC 50 values of 120 nM, suggesting that BNP binds IDE with the high affinity. However, the rate of BNP degradation by IDE is about 50-100 fold slower than that of ANP (Fig. 4A) . The cleavage pattern of BNP by IDE also follows a biased stochastic pattern already observed with ANP. Interestingly, the cleavages of BNP by IDE occur mostly at the C-terminus, which convert BNP to ANP-like fragments. The slower cleavage of BNP by IDE would likely allow these ANP-like fragments to activate NPR-A signaling in a manner analogous to ANP.
CNP potently inhibits the cleavage of substrate V by IDE (70 nM) and it can be rapidly degraded by IDE (20 s -1 ). Since CNP does not contain a Cterminal tail that would promote a biased preferential cleavage in the C-terminal tail, we instead found that IDE preferentially cuts at two sites, one at its N-terminal end (S3/K4) and one inside the ring (D12/R13) (Fig. 3C) . Such cleavages, particularly the cut at the ring, would inactivate CNP. This supports the notion that the reduction of IDE expression increases CNPmediated NPR-B signaling as described above.
We then examined whether IDE can degrade two new members of NPs, dendroaspis natriuretic peptide (DNP) and urodilatin. DNP, originally isolated from green mamba snake, is markedly natriuretic and diuretic (24) . DNP is poorly bound and degraded by IDE ( Fig. 4A ; Table S4 ). However, similar to ANP, BNP, and CNP, IDE degraded DNP by a biased stochastic process with a strong bias for cutting the C-term of DNP (Fig.  3C ). Urodilatin is a new member of the NPs mainly located in kidneys (25) . We found that while urodilatin has an IC 50 value that is 20-fold greater than ANP, IDE effectively degrades urodilatin with a rate of 2 s -1 .
Determination of factors that influence the degradation of various NPs by IDE -
We also utilized NPs from other species and truncated forms of NPs to assess the factors crucial for the selectivity of NPs by IDE. To address the contribution of various regions of ANP for its recognition by IDE, we also examined the degradation of ANP from various species and ANP variants by IDE ( Figure S2, 4A ). Human IDE binds and degrades human and rat ANP equally well, with only one mutation at residue 12. However, human IDE has a lower affinity and k cat for chicken and frog ANP. We then measured the ability of IDE to degrade three ANP variants: ANP7-28, ANP4-23 and ANP7-23 ( Fig. 4A ; Table  S6 and S7). We found that the removal of the entire N-terminal end of ANP did not alter the recognition and degradation of ANP by IDE. However, the combined deletion at both N and Ctermini rendered ANP to be poor IDE substrates, as indicated by the low k cat and high IC 50 values for ANP4-23 and ANP7-23. We also performed a similar analysis with BNP from various species and BNP variants. Mammalian BNPs have the high sequence diversity. Most noticeable is the 12-amino acid Nterminal extension in rodent BNPs. We found that such extension greatly impedes binding and degradation of BNP by IDE (Fig. 4A, S2) . The rat BNP variant lacking such an extension has 300-fold higher binding affinity and a 9-fold increased rate of degradation by IDE. Thus, our data indicate that the N-terminus of NPs is crucial in the recognition and degradation by IDE. Interestingly, the removal of the N-terminal end resulted in a significant increase in degradation of BNP by IDE.
Taken together, these results reveal several key findings about the interaction of IDE with NPs. First, the IDE-mediated degradation of the various NPs suggest that IDE has no clear preference for P1-P1' residues (Fig. 3C , Table S1-S7). We also note that if the NPs have both N-and C-terminal tails, the first cleavage occurs at either termini, but not within the disulfide-linked loop (ANP, BNP, DNP). In contrast, if the NPs lack either terminal end, the first cleavage event can occur within the loop (Fig. 3C, CNP and ANP 7-28) . Furthermore, the size of the terminal tails of NPs is important determinants of NP selectivity by IDE. NPs of all chain lengths likely slip into the catalytic chamber of IDE, whereby the correct orientation of the NP within the cavity is dependent on the N-and Cterminal lengths and the volumes defined by differently sized amino acids. The cleavage site of the optimally sized NPs can be adjusted properly to the catalytic site of IDE by amino acid interactions. Longer N-and C-terminal extensions cause spatial clashes or unfavorable turns, which impede the correct orientation of the NP within the chamber, leading to the inability of IDE to hydrolyze the target sequence. Conversely, very short NPs do not have the necessary interactions with IDE needed for optimal degradability.
Crystal structure of ANP-bound and BNP-bound IDE-To understand the molecular detail for the interaction of NPs with IDE, we crystallized the complex of IDE with ANP and BNP, which represent a NP substrate with good and poor degradability, respectively (Table S8) . Despite significant optimization efforts, ANP-and BNPbound IDE crystals only diffracted at 3.0 Å and 3.1 Å respectively. As described above, our biochemical analyses show that the initial cleavages of ANP and BNP can occur at either Nor C-terminal end of ANP and BNP. Thus, the low resolution of ANP-or BNP-bound IDE crystals may be due to the conformational heterogeneity of ANP and BNP within the catalytic chamber of IDE that results in the biased stochastic cleavage patterns.
The overall fold of these complexes shows IDE in the closed conformation similar to the previous structures of substrate-bound IDE (Fig. 4B) . Our ANP-bound IDE structure has an electron density that can fit well with the first three residues of ANP (S1, L2, R3) adjacent to the exosite of IDE (also known as the distal-binding site) (Fig. 4C,  Fig. S3A left) . This region of ANP forms hydrogen bonds with the main chain carbonyl of IDE residues G360, G361, and L359, and the side chain carboxyl of E341. This is a typical interaction for the N-terminus of IDE substrate with the exosite of IDE (20) (21) (22) 26) . However, the electron density at the exosite of BNP-bound IDE can best fit with only two N-terminal residues of BNP (S1, P2). It appears that the presence of proline at residue 2 of BNP shifts the N-terminal residues of BNP away from the typical IDE-binding interaction partners (Fig. 4D, Fig. S3A right) . Thus, the interactions of BNP with the exosite of IDE are primarily mediated by a water molecule followed by the Nterminal S1 residue of BNP. This weaker interaction between BNP and IDE likely impedes the proper adjustment of BNP to the active site, leading to the poor degradability of BNP by IDE.
In the active site, the electron densities were discontinuous for the IDE-ANP and BNP complexes. This could be explained by a highly flexible C-terminal portion of ANP that can adopt more than one conformation. Alternatively, it may also suggest that IDE binds two ANP molecules within the chamber: one which uses the exosite anchoring. Indeed, we performed docking studies based on our crystal structures and developed a 3D model of the interaction of ANP and IDE (Fig. 4E,  Fig. S3B-D) . According to this model, the catalytic chamber of IDE is spacious enough to fit two NP molecules. We thus seek whether the capture of two NPs by the catalytic chamber of IDE indeed occurs.
IDE efficiently degrades fsANP in the presence of ANP or CNP but not alone-
A frameshift mutation of ANP (fsANP) rendering a 40 amino acid aberrant form of ANP, has been associated with familial atrial fibrillation in heterozygous patients (27) . In such patients, fsANP is accumulated in higher levels compared to ANP, which may be due to its resistance to proteolysis, as demonstrated using kidney membrane preparations (23, 27) . Interestingly, we found that fsANP is a substrate of IDE (Fig. 3C, 4A ; Table S5 ). However, as compared to ANP, we found that the IDE IC 50 value for fsANP is ~30-fold higher and is degraded poorly. The lower apparent affinity and lower rate of degradation is similar to those of DNP, which also has a longer C-terminal tail. Consistent with the poor degradation of fsANP by IDE, we also found that IDE treatment did not alter the ability of fsANP to raise the intracellular cGMP in NPR-A expressing 293 cells ( Figure S4 ).
Since fsANP is present along with the normal ANP in heterozygous patients, we sought to compare the IDE-mediated cleavage pattern of an equimolar mixture of ANP and fsANP with those of each peptide alone (Fig. 6 ). Our MALDI-TOF MS spectra showed that IDE degraded ANP and CNP rapidly and much faster than fsANP (Fig. 6A-6C) . However, the IDE digestion pattern changed dramatically for the 1:1 mixture of ANP and fsANP, with the degradation being markedly faster for fsANP compared to ANP (Fig. 6D) . Indeed, this pattern was evident for ANP to fsANP ratios when the level of ANP is reduced to 1:50 of ANP to fsANP (see Fig. S5 ). In this case, ANP is at a molar ratio equal to IDE, suggesting that this switch in selectivity can occur even when only one molecule of ANP is bound to IDE. Because it can be argued that the undigested peak for ANP is a product of fsANP degradation, we also incubated IDE with an equimolar mixture of CNP and fsANP. This also resulted in the rapid cleavage of fsANP, while CNP was mainly undigested (Fig.  6E) . However, fsANP in the presence of BNP, also a poor substrate of IDE, remained mostly uncleaved upon incubation with IDE (Fig. S6) . This indicates that the insensitivity of IDE toward fsANP can be reverted by the inclusion of ANP or CNP, but not BNP.
The switch in NP substrate selectivity may be the result of IDE allosterism. IDE is shown to require oligomerization for its allosteric regulation (28, 29) . Based on the IDE dimer structure, R767 can form a network of hydrogen bonds as well as a salt bridge at the IDE dimer interface; thus the mutation of R767 to alanine should disrupt the oligomerization of IDE and its allosteric properties ( Figure 7A ). Indeed, IDE-R767A is mostly monomeric as judged by the migration of this mutant in the native-PAGE and in size exclusion chromatography ( Fig. 7B and 7C ). As expected, this mutant does not exhibit concentrationdependent alteration of specific activity as compared to wild-type IDE (Fig. 7D) . Interestingly, upon incubation with a 1:1 mixture of ANP:fsANP, IDE-R767A retained its ability to switch its substrate selectivity toward fsANP degradation similar to wild type IDE (Fig. 6E) . This suggests that allosterism, driven by oligomerization, is not the mechanism that drives this switch in fsANP selectivity by IDE (Fig. 6E) .
Discussion
Our studies indicate that IDE is likely involved in the catabolism of NPs. Our observations supporting this statement include the affinity of ANP, BNP, and CNP being in the same range as insulin, the main substrate of IDE. In addition, the cleavage rate of ANP and CNP, as compared to BNP correlates well with the observed half-life in circulation of ~2 min for ANP and CNP and ~20 min for BNP (5, 6) . Furthermore, one of the main cleavage sites for ANP by IDE is at the C-terminal tripeptide, which correlates with reports describing a soluble proteolytic activity, having similar properties as IDE, involved in the degradation of ANP by the removal of the C-terminal tripeptide (14, 30, 31) . In addition, IDE has a much higher affinity for NPs (nM) than NEP (ȝM) (9), also a chamber-containing protease that catabolizes NPs. Other observations supporting the role of IDE in NP metabolism include our cell-based studies, where the treatment of ANP and CNP with IDE greatly reduces the ability of these two peptides to activate their cognate receptors, NPR-A and NPR-B, respectively. Additionally, the RNAi knockdown of IDE in the cultured cells prolongs their ability to raise intracellular cGMP levels.
Our studies also offer an exciting possibility that IDE is not limited to the inactivation and clearance of NPs, but could also be involved in the enhancement of their function. CNP leading to the activation of NPR-B (Fig. 3) . It is worth highlighting that the incubation of BNP with IDE not only resulted in the activation of NPR-B in HEK-293 cells, but also generated a highly potent cGMP signal for NPR-A in HEK-293 cells. Therefore, although IDE does not rapidly cleave BNP, it is likely that some of the BNP cleavage products are highly potent thus activating NPR-A before they are further cleaved and ultimately inactivated by IDE (Fig. 3) . This is consistent with the observation that the truncated BNP can be more potent than the matured BNP (32). It is important to note that BNP from various species has a high sequence length variation (Fig.  S2 ): rodent BNP is substantially longer than human BNP. We found that mouse BNP is an extremely poor substrate for IDE. Thus, the IDE-mediated regulation of BNP signaling appears to be a species-specific event.
This study also subjoins further structural features that better predict the degradability of peptides by IDE. They refer, for example, to the relationship between the size of the substrate and its ability to adjust within the catalytic chamber of the IDE molecule and an "adjustment site" at the exosite likely formed by E341, G360, G361, and L359 of IDE, which interacts with the NP substrate, fixes it, and modulates the catalytic attack by IDE. These structural features give rise to the possible development of more potent synthetic natriuretic peptides with reduced degradability by endogenous proteases. Finally, the systematic study of IDE-NP interaction should be useful for similar strategies with other pathophysiologically important IDE substrates, considering that IDE is mainly involved in the catabolism of several peptide hormones with vital roles in, for example, cardiovascular diseases, Alzheimer's disease, and diabetes.
An unexpected finding derived from this study is the ability of IDE to switch its substrate selectivity. We showed that fsANP, as compared to ANP, is degraded slowly by IDE, but with a 1:1 stoichiometric amount of ANP and fsANP, the selectivity of IDE swapped to efficiently digesting fsANP, while ANP is mostly resistant to proteolysis. We postulate that this change in recognition could be due to ANP or its products acting as allosteric regulators of IDE. It is also possible that both peptides bind within the catalytic chamber as proposed above and that the binding of ANP restricts the space within the chamber, allowing fsANP to bind in an orientation that favors its digestion by IDE. Alternatively, the presence of the reaction products from ANP could also change the allosteric interaction or the chamber properties thus allowing the preferential cleavage of fsANP. This interesting phenomenon warrants future investigation.
In conclusion, our results point to the possibility that the physiological role of IDE may not be strictly limited to the inactivation of its peptide substrates, but may further enhance their potency in certain circumstances. We propose that the rapid cleavage rate of ANP and CNP by IDE could dampen the signaling of ANP and CNP and contribute to their rapid turnover. Conversely, the slower cleavage of BNP by IDE allows IDE to modulate and fine-tune BNP-mediated signaling. However, these hypotheses require further investigation. In addition, it would be interesting to dissect which of the NP products generated by IDE confer the changes in the signaling activities that we observed, as it may provide a basis for the rational design of new therapeutic NPs.
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FIGURE LEGENDS
IDE-ANP ANP S L R R S S C F G G R M D R I G A Q S G L G C N S F R Y 40 ± 4 10 ± 1 BNP S P K M V Q G S G C F G R K M D R I S S S S G L G C K V L R R H 120 ± 10 0.2 ± 0.1 CNP G L S K G C F G L K L D R I G S M S G L G C 70 ± 10 20 ± 1 snakeDNP E V K Y D P C F G H K I D R I N H V S N L G
